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This work presents the optical properties of erbium-doped
and erbium/ytterbium codoped Na2O–Al2O3–TiO2–Nb2O5–
P2O5 glass systems and also the characterization of planar wave-
guides obtained by typical thermally assisted Ag12Na1 ion-
exchange process. The glass systems allow the preparation of
single mode and multimode planar waveguides presenting a
strong and relatively broad emission at 1536 nm. The emission
signal in the infrared region is intensiﬁed for silver-containing
samples when compared with free-silver samples. The emission
signal intensiﬁcation may be attributed to a nonplasmonic energy
transfer from silver species to Er31 ions as no bands related to
surface plasmon resonance (SPR) of silver nanoparticles were
observed.
I. Introduction
PHOSPHATE glasses, with additional network-forming oxidesand one or more network-modifying oxides, have chemical
durability comparable with silicate glasses.1–3 The optical prop-
erties of phosphate glasses show many favorable features for use
in optical devices because of their excellent transparency and
good mechanical and thermal stability.4 The phosphate matrix
exhibits a high ability to dissolve considerable amounts of al-
kaline, alkaline earth, transition metal, and also rare-earth ions.5
Sodium containing phosphate glasses suitable for ion-exchange
processes are getting a lot of interest for the preparation of
optical planar and channel waveguides. In this context, rare-
earth-doped waveguides have been prepared by the Ag12Na1
thermal assisted ion exchange method using Er31 and Yb31
co-doped phosphate glass, attracting great attention in the ﬁeld
of optoelectronic devices.6–14 The preparation of waveguides by
the thermally assisted Ag12Na1 ion-exchange method is a
well-established process because the cations have a similar
radius (Na15 98 pm and Ag15 113 pm)15 and because the
Na1 ions also exchange well with Ag1 ions for waveguide prep-
aration.7 Moreover, Ag1 ions present incomplete (n1)d shells
being more polarizable than Na1 ions. The polarization of the
Ag1 ions increases the refractive index that can be tailored using
concentration gradients in order to obtain planar or channel
waveguides with high or low refractive index variation. The
thermally assisted Ag12Na1 ion-exchange process nowadays
is attracting renewed interest for its simplicity, ﬂexibility, and
low fabrication cost. Additionally, it is possible to accurately
control the refractive index variation of the waveguide by chang-
ing the Ag1 concentration in the melting bath and the glass
composition.16–18
Phosphate glasses are being used as promising materials
applied to photonic devices, such as erbium-doped waveguide
ampliﬁers (EDWA), because they are able to dissolve consider-
able amounts of active ions that are required to prepare channel
waveguide ampliﬁers.7–13 In the case of EDWA, a large amount
of Er31 ions is required due to its small absorption cross section
at the excitation region of telecommunication interest and also
due to the short length of channel waveguides. Further, the use of
considerable amounts of active ions, sensitizing ions such as
Yb31, may also be required in order to enhance the absorption
cross-section at 980 nm and improve the Er31 ion emission at
1530 nm by nonradiative energy transfer from the sensitizer to the
active ions. On the other hand, the emission intensity of
rare-earth ions may be improved by a local electrical ﬁeld
enhancement around them.19 The enhancement of the electrical
ﬁeld may be achieved by metal surface collective electronic oscil-
lation, known as SPR of noble metal nanoparticles, such as silver
or gold, present in dielectric matrices.19 Recently, a nonplasmonic
mechanism for enhancing the electrical ﬁeld around rare-earth
ions has been described in the literature as a nonradiative energy
transfer from defects, related to the presence of noble metal
species, such as dimers and trimers to rare-earth ions.20 The
nonplasmonic energy transfer mechanism may signiﬁcantly en-
hance the rare-earth emission by two orders of magnitude even
under nonresonant rare-earth excitation in the UV-Vis region.21
Recently, our group has reported the synthesis of a new
phosphate glass system–Na2O–Al2O3–TiO2–Nb2O5–P2O5
(NAPTN)-with a high resistance against chemical attack,
exhibiting dissolution rates o1.8 109 g  (cm2 min)1, in
1.0 mol/L aqueous HCl solution at 298 K.3 In silicate glasses,
Al2O3 is typically used to improve the solubility and homoge-
neity and to reduce the formation rate of rare-earth ion pairs
and clusters.22 In phosphate glasses, Al2O3 promotes the same
role as those veriﬁed for silicate glasses and also acts as an ionic
cross-linker between different chains, inhibiting hydration reac-
tions, and giving outstanding chemical durability to phosphate
glasses. Nb2O5 and TiO2 are normally added to increase the
linear refractive index and chemical durability of phosphate
glass, Nb2O5 being more effective than TiO2 for improving the
linear refractive index and chemical durability.3
In the present work, we present the optical properties of er-
bium-doped and erbium/ytterbium-codoped Na2O–Al2O3–
TiO2–Nb2O5–P2O5 glass systems and also the characterization
of planar waveguides obtained by typical thermally assisted
Ag12Na1 ion-exchange process, which may be comparable
with well-established phosphate-based materials used in the
state-of-art of active optical devices.
II. Experimental Procedure
(1) Glass Preparation
Glasses having compositions of 20Na2O–(5xy)Al2O3–xEr2O3–
yYb2O3–30Nb2O5–15TiO2–30P2O5 (mol%), were prepared by
a conventional melt-quenching method.3 The compositions of
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the glasses are summarized in Table I. The raw materials used
were reagent-grade Na2CO3 (Merck, Sa˜o Paulo, Brazil), Al2O3
(Baker, Phillipsburg, NJ), P2O5 (Merck), anatase-TiO2 (Baker),
and Nb2O5 (CBMM—Companhia Brasileira de Metalurgia e
Minera@a˜o, Araxa´, Brazil). Stoichiometric compositions of
batch materials were melted under air at 1673 K for 3 h in
platinum crucibles that were placed in an electric furnace
(EDG, Sa˜o Carlos, Brazil). The mixtures were stirred several
times during the melting process in order to obtain homoge-
neous melts. At the end of the reﬁning process, the temperature
was decreased to 1473 K and the melts were poured onto car-
bon plates, annealed at (Tg 40 K) for 16 h, and cooled slowly
to release the thermal stress associated with these glasses during
the quenching process. For each NAPTN glass system, two
monoliths were prepared from different melts and each mono-
lith was diced into 2-mm-thick disks and polished for use for
characterization and also for the ion-exchange process.
(2) Ion-Exchange Process
Planar waveguides were prepared by typical thermally assisted
Ag12Na1 ion-exchange processes. In summary, a mixture of
97.33 g NaNO3 (Synth, Sa˜o Paulo, Brazil) and 2.67 g AgNO3
(Aldrich, Sa˜o Paulo, Brazil) was melted at 673 K in a quartz
tube of a vertical tubular furnace (BP Engenharia, Campinas,
Brazil). The NAPTN disks were inserted in the melt and kept
immersed for 1 h. The surface-modiﬁed glasses, identiﬁed here-
after as NAPTN:Ag; NAPTN:Er:Ag; NAPTN:Er:Yb:Ag, were
withdrawn from the furnace and subsequently washed several
times using distilled water.
(3) Characterization
Absorption spectra (200–2500 nm) were obtained on a Varian
model Cary 5G (Palo Alto, CA). The refractive indices (Z) were
measured using a prism-coupling method at 1536.0 nm on pol-
ished glass samples. A Metricon model 2010 Prism Coupler in-
strument (Pennington, NJ), with an index accuracy of 0.001, was
used. The emission spectra of Stokes and anti-Stokes photolumi-
nescence were achieved through standard optical setups. The
Stokes photoluminescence setup used the 488 nm line of an Ar1
laser. The infrared emission signal went through a 0.30-m
Thermo Jarrel Ash 82497 monochromator (Franklin, MA),
and was collected using an EG&G InGaAs photodetector (Well-
esly, MA). The upconversion emission spectra were obtained us-
ing an 808 and 980 nm AlGaAs diode laser. For these cases, the
signal was detected by a photomultiplier tube (Hamamatsu R928,
Bridgewater, CA). The measurements of the 4I13/2 emission decay
curve were carried out with excitation at 980 nm from aNd:YAG
laser-pumped optical parametric oscillator (Continuun Surelite
SLII-10, Santa Clara, NJ). The signal was ﬁltered using a mono-
chromator (Thermo Jarrel Ash 82497), collected using an EG&G
germanium detector, and processed using a digital oscilloscope
(Hewlett Packard 54501A 100MHZ, Palo Alto, CA). From these
curves, the average lifetime values were obtained as those for
which the emission intensity drops by a factor 1/e.
III. Results and Discussion
The experimental procedure describes the preparation of
homogeneous and bubble-free transparent glasses as reported
previously.3 The 20Na2O–(5xy)Al2O3–xEr2O3–yYb2O3–
30Nb2O5–15TiO2–30P2O5 (mol%) glass compositions were cho-
sen for the preparation of planar waveguides because of their
tuned properties such as (i) glass stability against devitriﬁcation,
(ii) optical energy gap, (iii) linear refractive index, and (iv) chem-
ical durability among the glass systems reported previously.3
These properties were improved as a function of the fNb/fTi ra-
tio, where fNb and fTi are the atomic molar fractions of Nb and
Ti in the glass composition, respectively. As mentioned in the
Introduction, in phosphate glasses the Al2O3 acts as an ionic
cross linker between different chains, inhibiting hydration reac-
tions. For this reason, Er31and Yb31 ions are incorporated into
the NAPTN glass systems by aluminum substitutional doping.
The absorption spectra of the rare-earth-codoped samples
(Fig. 1) show peaks attributed to erbium and ytterbium trivalent
ions, illustrating the higher absorption at 980 nm attributed to
the 2F7/2-
2F5/2 transition of Yb
31 ion present in Er31/Yb31-
codoped samples. As shown in Fig. 1, the band attributed to the
SPR is not veriﬁed, indicating the absence of silver nanoparticles
and the good quality of the ion-exchange process. Figure 1 also
shows a cut edge absorption assigned to the charge transfer be-
tween Nb41 and Nb51.2
As shown in Table II, the samples NAPTN:Ag and NAP
TN:Er:Yb:Ag present two guiding modes (TE0 and TE1) and
the sample NAPTN:Er:Ag is a single-mode (TE0) planar wave-
guide at 1536 nm. The refractive index differences between the
TE and TM polarizations (|ZTEZTM|) are very small (Table II)
for all samples, indicating a negligible birefringence and there-
fore low stress of the ion-exchanged glasses.
The sample NAPTN:Er:Yb:Ag has the highest variation of
the refractive index at 1536 nm (DZ5 0.0216), which has to be
decreased in order to obtain single-mode waveguides. This re-
fractive index difference is too high giving more than one guid-
ing mode. Therefore, the ion-exchange parameters have to be
improved to adjust the refractive index value and the layer
thickness in order to prepare a single-mode waveguide matching
silica optical ﬁber. The thicknesses of the ion-exchanged layers
of the samples NAPTN:Ag and NAPTN:Er:Yb:Ag are appro-
priate to prepare single-mode channel waveguides, matching the
silica optical ﬁber and the thickness of the single-mode NAPT-
N:Er:Ag sample must be increased to match the core diameter
(around 8 mm) of a single-mode silica ﬁber. Therefore, the results
are promising for the preparation of single-mode channel wave-
guides with weak light conﬁnement.23
The emission spectra (Fig. 2) of the erbium- and ytterbium-co-
doped glass samples present intense and broad bands cen-
tered at 1534 nm attributed to the 4I13/2-
4I15/2 transition of
Table I. Nominal Glass System Compositions
Sample
20Na2O–(5–x–y)Al2O3–xEr2O3–yYb2O3–30Nb2O5–15TiO2–
30P2O5
(5xy)Al2O3 xEr2O3 yYb2O3
NAPTN 5 0 0
NAPTN:Er 4 1 0
NAPTN:Er:Yb 2 1 2
Fig. 1. UV-Vis absorption spectra of as-prepared glasses (NAPTN:Er
and NAPTN:Er:Yb) and ion-exchanged glasses (NAPTN:Er:Ag and
NAPTN:Er:Yb:Ag). The marked band () is an equipment artifact.
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Er31 ions indicating the presence of erbium ions in a noncrystal-
line environment.
The emission spectra have an average spectral bandwidth of
53 nm, measured at 3 dB from the maximum intensity. It is im-
portant to note a higher emission intensity of erbium-doped
samples that present silver species in the layer formed on the
surface of the glasses after the ion-exchange process (Table II).
Based on the UV-Vis spectra (Fig. 1), which shows no evidence
of the SPR band characteristic of silver nanoparticles, the in-
tensiﬁcation of the emission signal veriﬁed for silver-containing
samples may be attributed to a nonplasmonic energy transfer
from silver species to Er31 ions, as proposed by Stohho¨fer and
Polman.20 Therefore, the increase of the sample refractive in-
dexes, promoted by thermally assisted ion-exchange processes
and the intensiﬁcation of emission intensity at 1534 nm may in-
dicate the presence of stable Ag1 species in the ion-exchanged
glass samples and the effectiveness of this process.
The emission decay curves of the erbium 4I13/2 metastable
state (Fig. 3) were obtained at room temperature upon 980 nm
excitation and they are close to an exponential decay curve, in-
dicating a good homogeneity of the chemical environment
around the Er31 ions. Yb31 ions inserted into the samples en-
hance the light absorption at 980 nm. Pumping at this wave-
length excites the electrons from the 2F7/2 ground state to the
2F5/2 manifold. Afterwards, the excited ytterbium(II) ions efﬁ-
ciently transfer their energy to the quasi-resonant 4I11/2 er-
bium(III) state, which in its turn transfers the energy, via
nonradiative decay, to the 4I13/2 emitting state. Their related av-
erage emission lifetime values are around 3 milliseconds, which
are lower than those measured in silicate systems24,25 indicating
the existence of a nonradioactive process interaction between
erbium(III) ions and multiphonon decay processes that origi-
nated from vibrations of the hydroxyl and phosphate groups.
Up-conversion emission measurements show bands attributed
to 2H11/2-
4I15/2,
4S3/2-
4I15/2, and
4F9/2-
4I15/2 transitions (Figs.
4 and 5). The efﬁciency of the up-conversion ﬂuorescence depends
on the quantum efﬁciency of the emitting level as well as the
probability of multi-step excitation promoted by absorption of
excited states or by energy transfer between adjacent excited ions.
Up-conversion emission experiments of erbium-doped sam-
ples by 808 nm excitation are shown in Fig. 4. An intense green
luminescence signal corresponding to two bands of the ther-
mally coupled 2H11/2-
4I15/2 (530 nm),
4S3/2-
4I15/2 (547 nm)
transitions and also a red luminescence signal at 650 nm attrib-
uted to 4F9/2-
4I15/2 transitions are observed.
Up-conversion emission experiments of the erbium–ytter-
bium-codoped sample by 980 nm excitation are shown in the
Fig. 5. This system is one of the most efﬁcient for producing up-
conversion by two consecutive processes. In this up-conversion
mechanism, an excited Yb31 ion transfers its energy resonantly
to an Er31 ion, exciting the latter to the 4I11/2 level and the ex-
cited Er31 ion reaches the 4F7/2 excited level by a second reso-
nant transfer or by excited state absorption. Subsequently, the
excited Er31 ions decay nonradiatively from the 4F7/2 level to the
4S3/2 or
4F9/2 levels and return radiatively to the ground state
4I15/2, giving green and red emissions, respectively.
To obtain more insight into the up-conversion mechanisms,
the dependence of up-conversion intensity was measured as a
function of the incident pump power. For any up-conversion
mechanism, visible output intensity (I) will be proportional to
some power (n) of infrared excitation intensity (P), where n is
the number of infrared photon absorbed per visible photon
emitted. The insets of Figs. 4 and 5, show a logarithm plot of I
versus P for green and red emissions of the ion-exchanged
NaPTN:Er:Ag and NaPTN:Er:Yb:Ag samples, respectively.
The data were ﬁtted to straight lines, showing a quadratic de-
pendence in both cases indicating that two infrared photons are
needed to reach 4S3/2 or
4F9/2 excited levels. In this case, the ex-
cited state absorption can occur from the 4I13/2 to the
2H11/2 level
by the absorption of one more infrared photon. Also, it is im-
Table II. Refraction Index (g); Number of Modes and Thicknesses of the Samples Obtained by M-Lines Spectroscopy at 1536 nm
Sample ZTE (70.0001) ZTM (70.0001) |ZTEZTM| Dn (TE)
w Modes number Thickness (mm)
NAPTN 1.8376 1.8377 0.0001 — — —
NAPTN:Ag 1.8452 1.8450 0.0002 0.0076 02 7.50
NAPTN:Er 1.8944 1.8941 0.0003 — — —
NAPTN:Er:Ag 1.9023 1.9022 0.0001 0.0079 01 2.20
NAPTN:Er:Yb 1.8510 1.8506 0.0004 — — —
NAPTN:Er:Yb:Ag 1.8726 1.8726 0.0000 0.0216 02 7.90
wDn (TE) is equal to the glass refraction index (ZTE) before the ion-exchange process minus the glass refraction index (ZTE) after the ion-exchange process.
Fig. 2. Photoemission spectra of erbium doped or erbium/ytterbium
co-doped silver-free glasses and erbium doped or erbium/ytterbium
codoped ion exchanged glasses upon excitation at 488nm.
Fig. 3. Luminescence decay curves of the 4I13/2 state of the erbium ions
upon 980 nm excitation for different samples, as indicated.
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portant to mention a possible second mechanism related to the
red up-converted emission. In this mechanism, a second photon
promotes the erbium ion to the 4F9/2 level by the resonant ab-
sorption of the excited state 4I13/2. This extra mechanism, to
populate 4F9/2 without populating
4S3/2, results in very strong
red luminance, comparable with green emission.
IV. Conclusions
The ion-exchange process has allowed the preparation of single-
mode planar waveguides at 1550 nm presenting low birefrin-
gence and weak light conﬁnement due to low variation of the
refractive index. Therefore, the erbium(III)-doped and er-
bium(III)–ytterbium(III)-codoped samples show promising op-
tical characteristics and are suitable for ion-exchange processes
allowing the preparation of waveguides that can be used for
photonic applications. The intensiﬁcation of the emission signal
at 1534 nm veriﬁed for silver-containing samples is attributed to
a nonplasmonic energy transfer from defects related to silver
ions species to erbium(III) ions. The ion-exchanged samples
present anti-Stokes emission on the green and red region emis-
sion governed by two infrared photon absorption.
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Fig. 4. Up-conversion emission spectra of Er31-doped samples with
CW excitation at 808 nm with several pump powers. The inset shows the
dependence of the up-conversion intensity against laser power of the
NaPTN:Er:Ag sample.
Fig. 5. Up-conversion emission spectra of Er31/Yb31-codoped samples
with CW excitation at 980 nm with several pump powers. The inset
shows the dependence of the up-conversion intensity against laser power
of the NaPTN:Er:Yb:Ag sample.
2692 Journal of the American Ceramic Society—Bozelli et al. Vol. 93, No. 9
